The partial pressure of carbon dioxide (pCO 2 ) in surface waters and related atmospheric exchanges were measured in nine European estuaries. Averaged fluxes over the entire estuaries are usually in the range of 0.1 to 0.5 mole of CO 2 per square meter per day. For wide estuaries, net daily fluxes to the atmosphere amount to several hundred tons of carbon (up to 790 tons of carbon per day in the Scheldt estuary). European estuaries emit between 30 and 60 million tons of carbon per year to the atmosphere, representing 5 to 10% of present anthropogenic CO 2 emissions for Western Europe.
Although very few data are available so far, estuaries are known to show significant supersaturation of CO 2 with respect to the atmosphere (1) (2) (3) . Partial CO 2 pressures (pCO 2 ) as high as 5700 atm have recently been reported (2) at the turbidity maximum in the Scheldt estuary (Belgium and Netherlands), which is about 16 times the pCO 2 of the present atmospheric equilibrium (360 atm). Such high pCO 2 values result from intricate biological and physicochemical processes that characterize estuarine dynamics. Estuaries are obligate pathways for the transfer of dissolved and particulate material from the continent to the marine system. The tidal regime of some estuaries leads to an increased residence time of the fresh water in the estuarine mixing zone, and pronounced changes in the speciation of elements may occur.
European estuaries are subject to intense anthropogenic disturbance (4) reflected in elevated loadings of detrital organic matter which induces high respiration rates (5) and the production of large quantities of dissolved CO 2 (2) . Estuaries are considered to be net heterotrophic ecosystems (6, 7) , but the order of magnitude of the resulting atmospheric CO 2 source is still a matter of debate (8) (9) (10) (11) .
The total surface area of estuaries in Europe has been estimated (3) to be 111,200 km 2 , calculated from marine areas where salinity is lower than 34 and excluding the Baltic Sea. This surface area includes both estuarine embayments (inner estuaries) and river plumes at sea (outer estuaries). The relative importance of these systems, in terms of respective areas, depends on hydrological conditions, such as the freshwater flow, the tidal regime, and the topography of the estu-ary. In macrotidal estuaries, most of the mixing between fresh water and seawater occurs within the inner estuary; that of the outer estuary is relatively small.
We have simultaneously measured the surface pCO 2 and related atmospheric fluxes during 25 cruises in nine European inner estuaries (Table 1 ) and during 13 cruises in outer estuaries (Table 2) . These data were collected in estuaries displaying a range of different hydrological conditions, from low freshwater flow and long residence time of water within the inner estuary (such as the Scheldt estuary) to high freshwater flow and short residence time (for example, the Rhine estuary). Figure 1 shows an example of pCO 2 and related flux values measured in the Scheldt estuary in July 1996. Both the pCO 2 and the efflux increase when salinity decreases. pCO 2 and dissolved oxygen profiles obtained in the Scheldt, the Thames, the Gironde, and the Rhine estuaries ( Fig. 2 ) illustrate that the pCO 2 variation with salinity is quite different from one estuary to another, though the supersaturation is always high. All four estuaries show a clear increase of pCO 2 within the upper estuary (low salinity), which is associated with a decrease in oxygen saturation. This increase in pCO 2 is located at the turbidity maximum, at a salinity of about 1 in both the Gironde and the Rhine estuary, and a salinity of 10 in the Thames estuary. The Scheldt is already heavily polluted in the freshwater members and, in November 1997, we carried out sampling in the upper estuary, in the tidal river, and in the tributaries ( Fig Table 1 . Data collected during research cruises within inner estuaries. Before 1995, pCO 2 was calculated from total alkalinity and pH measurements, the latter being calibrated using buffers proposed by the U.S. National Bureau of Standards. After 1995, a system coupling an equilibrator and an infrared gas analyzer (Li-Cor 6262, Li-Cor, Lincoln, Nebraska), was used for pCO 2 lower than 3500 atm. Lower pCO 2 values are from the river mouth (lower estuary, high salinity), whereas higher values are from the turbidity maxima (see also Fig. 1 ), usually located in the upper estuary (low salinity). Fluxes were measured in the field (28) or calculated (*) according to (27) . The net daily flux is calculated over the entire surface of estuaries, and the mean flux is the corresponding averaged value per square meter.
Country
Cruises ( 3). The pCO 2 is quite high in the tributaries but increases drastically at the entrance of the estuary, together with a drop in particulate organic carbon (POC). The CO 2 distribution within estuaries is therefore the result of physical mixing of supersaturated freshwater with seawater, of marked heterotrophy in the upper estuary, and of CO 2 efflux to the atmosphere. Annual budget calculations have shown that 50% and Ͼ90% of the POC load transported into the Gironde (12) and the Scheldt (5), respectively, are mineralized in the turbidity maximum. In contrast, dissolved organic carbon (DOC) is mostly refractory and behaves conservatively through estuaries (13) . Table 1 shows that the highest pCO 2 values at the turbidity maximum range from 1100 atm in the Elbe estuary in April 1997 to 9500 atm in the Scheldt estuary in November 1994. For inner estuaries, where the total surface is known, corresponding net daily fluxes to the atmosphere have been calculated from discrete CO 2 flux measurements. Except for the small estuaries, CO 2 fluxes amount to several hundred tons of C (tC), with a maximum of 790 tC day Ϫ1 in November 1994 in the Scheldt estuary. The POC mineralization produces 150 and 400 tC daily in the Gironde and the Scheldt estuaries, respectively. The flux values given in Table 1 then suggest that, in the Scheldt, about two-thirds of the flux results from heterotrophy, with the remaining third resulting from physical ventilation. In the Gironde estuary, about one-third of the atmospheric flux is due to heterotrophy.
In polluted European estuaries, most of the labile carbon that is respired is anthropogenic (4, 5) . Other pollution-related processes, such as nitrification in the Scheldt estuary (2, 14) , may also acidify estuarine water and favor the CO 2 flux to the atmosphere.
These data show that the investigated inner estuaries are a CO 2 source to the atmosphere, ranging from about 0.10 mol m -2 day -1 to 0.76 mol m -2 day -1 . The estuarine area we studied emits 3000 tC daily to the atmosphere, corresponding to a mean flux of 0.17 mol m -2 day -1 .
Outer estuaries can differ substantially from inner estuaries as sources for atmospheric CO 2 . The outer estuary can be a site of intense primary production, because of eutrophication, and can behave as a sink for atmospheric CO 2 . The data in Table 1 show that significant undersaturation occurred in the lower Scheldt in June 1993, but that supersaturation was observed in all other cases. A time series of measurements, carried out over 18 months in the outer Scheldt estuary, shows that undersaturation only occurs for a few weeks during the spring phytoplanktonic bloom (15) . Table 2 shows that supersaturation appears to be the general tendency in the outer estuary, and rates of efflux are about one order of magnitude lower than in the inner estuary ( Table 1) .
The above considerations have been used to Table 1 for technical details. estimate total CO 2 emission from European estuaries (Fig. 4 ), which appears to be a significant percentage of the present anthropogenic CO 2 release to the atmosphere from Western Europe due to combustion [647 million tons of C in 1995 (16) ]. A minimum estimate, calculated by applying an outer estuarine efflux of 0.01 mol m -2 day -1 to 80% of the total European estuarine surface area, yields a total European emission of 20 million tons of C per day, representing 3% of the present anthropogenic emission of CO 2 from Western Europe. It is likely that the percentage of surface area of inner estuaries is in the range of 25 to 50% and, from data presented here, we estimate the actual value to be in the range of 30 to 60 million tons of C per day, which is 5 to 10% of the present European anthropogenic emission. This percentage has been obtained for a highly industrialized area of the world; it may be higher for developing countries, where anthropogenic CO 2 emissions are lower and where significant organic carbon load results from overpopulation. Few data are available for other estuaries in the world, but the available data shows a high degree of supersaturation (1, (17) (18) (19) , ranging from 500 to 6000 atm. Some data are also available for major rivers. The carbon budget of the Amazon has been studied (20) , and it was shown that this river emits 0.17 to 0.52 mol m -2 day -1 , very similar to our flux data. Carbon dioxide levels have been measured in the Niger (21) , and the highest values reported were ϳ6400 atm, again in agreement with values reported here.
the direct floating chamber method (26) adapted for operation in estuarine environments (2) . The chamber was set up on a lagrangian system in order to avoid creation of turbidity due to estuarine current and to follow the same water mass. Measurements were typically carried out each 2.5 salinity step through the whole estuary. Wind speed is usually low in investigated areas (0 to 5 m s Ϫ1 ), and the exchange coefficient K (27) is mainly determined by the turbulence of the water column. Calculated values of K, from measured flux and CO 2 gradient (27) , is in good agreement with those reported for rivers (25) . It should be pointed out that, if wind becomes predominant, actual efflux would be higher than our estimate. 29. We thank the crews and technicians who were involved in the numerous cruises, R. Wollast The cause of Northern Hemisphere glaciation about 3 million years ago remains uncertain. Closing the Panamanian Isthmus increased thermohaline circulation and enhanced moisture supply to high latitudes, but the accompanying heat would have inhibited ice growth. One possible solution is that enhanced moisture transported to Eurasia also enhanced freshwater delivery to the Arctic via Siberian rivers. Freshwater input to the Arctic would facilitate sea ice formation, increase the albedo, and isolate the high heat capacity of the ocean from the atmosphere. It would also act as a negative feedback on the efficiency of the "conveyor belt" heat pump.
Major ice sheet growth in Eurasia, Greenland, and North America is recorded by a ␦ 18 O enrichment in benthic foraminifera between 3.1 and 2.5 million years ago (Ma) (1, 2) and by the massive appearance of ice-rafted debris in northern high-latitude oceans since 2.7 Ma (3). An increase in the ␦ 18 O value of benthic foraminifera predominantly reflects the growth of continental ice volume. The intensification of Northern Hemisphere glaciation (NHG) finalizes the Cenozoic cooling trend, which started in the early Eocene and is marked by the first indications of ice sheets in Antarctica 36 Ma (4). This long-term cooling brought the climate system of Earth to a state critical for ice sheet buildup in the Northern Hemisphere. This has been the case since approximately 11 Ma, when the first and minor occurrence of ice-rafted debris in the Arctic and North Atlantic indicates the first attempts of the climate system to start a glaciation (5) . However, the climate system failed to generate and maintain major ice sheets in the Northern Hemisphere until 2.7 Ma. Here we suggest that the closure of the Isthmus of Panama, which enhanced moisture transport to the Eurasian continent, 
